Developmental changes in contractile behavior are known to occur during fetal and postnatal heart development. In this study, we examined whether adaptations take place in titin. A range of species was used to evaluate titin isoform expression and altered function during cardiac muscle development. A novel titin exon microarray that allows all 363 titin exons to be monitored simultaneously was used for transcript studies. Results reveal expression of fetal titin isoforms, characterized by additional spring elements both in the tandem Ig and PEVK region of the molecule. At the protein level, the fetal cardiac isoform predominates in fetal and neonatal myocardium and gradually disappears during postnatal development with a time course that varies in different species. Passive myocardium, contrary to previous reports, was found to be less stiff in the neonate than in the adult. This can be explained by the unique spring composition of fetal cardiac titin expressed by the neonate. Changes in titin expression are likely to impact functional transitions and diastolic filling behavior during development of the heart. (Circ Res. 2004;94:505-513.)
L arge changes in hemodynamic load occur during the course of cardiac development and are known to be associated with changes in contractility due to alterations in isoform expression patterns of sarcomeric proteins. 1, 2 Whether changes occur in passive tension of the myocardium is less well established. Research performed decades ago revealed that passive stiffness is highest in fetal myocardium and progressively decreases with age. 3, 4 To our knowledge, this earlier work has not been followed up. Furthermore, the molecular basis of the adaptations in passive stiffness during cardiac development is also unknown, except that the total amount of collagen in fetal and adult myocardium appears unaltered. 5 Considering that titin is a major source of passive stiffness in adult myocardium, 6, 7 we investigated titin's role in the developmental regulation of passive stiffness.
Titin is a giant protein that spans the half sarcomere with an I-band segment that functions as a molecular spring, the elastic properties of which define the passive mechanical properties of the cardiac myocyte. 8 Titin is encoded by a single gene containing in humans 363 exons that are differentially spliced in the adult heart, creating the stiff N2B (short molecular spring) and more compliant N2BA (long molecular spring) isoforms. 9, 10 These isoforms can be coexpressed in the same sarcomere, allowing passive stiffness to be adjusted anywhere in-between that of stiff sarcomeres that express only N2B titin and compliant sarcomeres that express N2BA titin. 11 Recent work revealed that differential splicing is subject to regulatory mechanisms that control entry to either N2B or N2BA splice-pathways. 7, 12, 13 For example, the adult canine myocardium coexpresses N2B and N2BA titins at a similar level, but in response to long-term tachycardia the expression ratio shifts toward more prominent N2B expression, giving rise to increased passive muscle stiffness. 7 Considering that diastolic dysfunction is a high risk factor for perinatal mortality, 14 we decided to study the role of titin in normal fetal and postnatal development in both human and animal model systems. We found that neonatal myocardium expresses a high level of an unusually large cardiac titin isoform that we named fetal cardiac titin. Ultrastructural studies showed that fetal cardiac titin is incorporated in the sarcomere, and passive mechanics revealed that fetal cardiac titin is responsible for low myocardial stiffness. During postnatal development, fetal cardiac titin is replaced by stiffer titin isoforms, giving rise to increased passive myocardial stiffness; we propose that this plays an important role in adjusting diastolic function during development.
SDS-PAGE and Western Blot Analysis of Titin
SDS-PAGE and Western blotting were as described. 6, 15 During the course of this work, a SDS-agarose gel electrophoresis system was published, 16 and in later experiments this system was used.
Immunoelectron Microscopy
LV myocardial muscle strips in relaxing solution were stretched, immunolabeled, and processed for electron microscopy (EM) as described. 17 
Transcript Studies
Total RNA was isolated and converted to biotinylated cDNA. Commercially available total RNA was used for all human transcript studies and total RNA was isolated from left ventricular myocardium from animal models (see the expanded Materials and Methods section available in the online data supplement at http://circres. ahajournals.org). An oligonucleotide array containing 385 probes was developed representing all of titin's human gene exons, 9 and normalization, positive, and negative controls (see online data supplement). Biotinylated target was hybridized to the array and quantified by a fluorescence-based detection system. The median intensity within the spot area was determined and normalized to the median intensity value of a constitutively expressed titin exon (exon 5 for all species other than rat and pig, which use exon 7 due to sequence dissimilarity in these species). A 5-bp mismatch probe for exon 5 (5MM) [exon 4 (4MM) for species with a naturally occurring mismatch to exon 5] was used for evaluation of array specificity. All probes with normalized intensity less than the mismatch probes were considered to have no significant hybridization. Each exon probe was printed in duplicate and their median intensity was determined. We performed a minimum of three independent experiments per muscle type and determined the meanϮSEM for each exon. Results were compared with a two-tailed t test for samples of unequal variance, and PϽ0.05 was used as criterion for statistical significance.
Passive Tension Measurements
Skinned porcine LV myocardial muscle strips were mounted to a mechanical apparatus, allowing control of muscle length, and measurement of force and on-line sarcomere length (SL). 15 Muscles were activated with pCa 4.0 solution, to determine active force. Passive force was measured in relaxing solution (RS) and stretching muscles at a constant velocity (1 length/sec) from their slack length to a predetermined amplitude, followed by a 1-minute hold, a release, and a rest at slack length. Muscles were extracted with RSϩ0.6 mol/L KCl and RSϩ1.0 mol/L KI. 6 The force decrease due to extraction is titin-based, and the force that remains is collagenbased. 6 Force was converted to tension. 6
Results
SDS-PAGE of LV myocardium of adult rat, rabbit, and mouse reveals a prominent titin band at the top of the gel, previously isoform typed as cardiac N2B titin 10 ( Figure 1A ). Coelectrophoresing LV myocardium from day 0 (d0) neonates showed, in all species, a slower migrating band ( Figure  1A , top left, titin:slow). Using antibodies against the N2B and N2A elements and the middle tandem Ig segment of N2BA titins (I55 to I57) revealed that the slow migrating band belongs to the N2BA isoform class ( Figure 1B ). In neonates expression of N2BA titin was highest at d0 (N2BA:N2B ratio 1.13Ϯ0.2 for mouse and 2.07Ϯ0.23 for rabbit) and then decreased with age ( Figure 1C ). For the mouse, we found that at d5 the expression level of N2BA titin was low and barely detectable. The decrease in N2BA titin was less fast in the rabbit and fitting results with a double exponential revealed a T 1/2 (time required to reduce expression 50%) of 7 days for rabbit and 2.5 days for mouse. The amount of total titin, expressed relative to myosin heavy chain (MHC), remained constant at Ϸ0.2 ( Figure 1C , top). Thus neonatal myocardium contains at d0 a large level of N2BA titin, which is replaced by N2B titin during development with a time course that varies in different species.
Although the N2BA bands of neonates appear on SDS-PAGE as a single band, high-resolution SDS-agarose gels 16 revealed a doublet ( Figure 1D ). A slow-migrating doublet was also present in fetal LV myocardium (rats at day 20 of embryonic development). Agarose gels revealed minor levels of N2BA titin in adult myocardium ( Figure 1D , arrowhead), but with a mobility that is higher than that of the major N2BA isoform in the neonate. This suggests that the N2BA titins expressed by fetal/neonatal tissue are distinct from those in adult tissues. Because the slow migrating N2BA titins are expressed already in the fetus, we henceforth refer to them as fetal cardiac titins.
We also studied neonatal titin expression by SDS-agarose gels and Western blots in pig, a species that expresses a large level of N2BA titin in adult myocardium (as does human). 10 Porcine neonatal LV (day 1) expresses a modest level of N2B titin and a high level of N2BA titin. The bands identified as N2B titin and N2BA titin in adult tissue are on Western blots relatively sharp, whereas the N2BA band of neonatal myocardium is relatively broad (Figure 2A , middle and bottom). The latter is most likely due to the presence of N2BA subisoforms in the neonatal tissues that are not well resolved after they have been transferred to the PVDF membrane. Agarose gels of neonatal myocardium indeed reveal a minor N2BA band that comigrates with the N2BA band of adult pig and adult bovine myocardium (Figure 2A , BLV), and thus, that is likely to represent adult N2BA titin. In addition, there are two lower mobility N2BA bands, present at high levels.
These are likely to represent fetal N2BA titin isoforms. We also determined the expression level of fetal (summing the two subisoforms) and adult N2BA isoforms as a function of age. The fetal isoforms rapidly decreased during the first few weeks of neonatal development and then more slowly, with a small amount still evident in 4-month-old animals ( Figure  2B ). Fitting results with a double exponential equation revealed a T 1/2 of disappearance of fetal isoforms of Ϸ18 days. The adult N2BA isoform increased with age, its expression level was equal to that of the fetal isoforms in 1-month-old animals, and it was the only detectable N2BA isoform at 6 months ( Figure 2B ).
To determine whether the fetal N2BA isoforms are incorporated in the sarcomere, we performed immunoelectron microscopy (IEM) with an antibody to the C-terminal end of the unique sequence of the N2B element (N2B-Uc). This antibody labels, at a given sarcomere stretch, an epitope that is closer to the Z-disc in N2BA titins than in N2B titin, the so-called UC A and UC B epitopes, respectively (for details, see Trombitas et al 11 ) . Results reveal normal sarcomeric structure in porcine neonatal myocardium with a strong epitope near the Z-disc (UC A ) and a more spotty, sometimes barely visible, epitope toward the A-band (UC B ; Figure 2C , top). This is consistent with gel and Western blot results and supports that the sarcomere of neonatal tissues expresses high levels of N2BA titin (strong near Z-disc epitope) and a low level of N2B titin (weak near A-band epitope). Adult tissues (6 months) show two approximately equal epitopes ( Figure 2C , bottom), reflecting equal expression of N2B titin and N2BA titin.
Close inspection of micrographs revealed that the near Z-disc epitope (UC A ) in neonatal tissue is a doublet (UC A (1) and UC A(2) , see Figure 2C , middle). This finding is consistent with the presence of N2BA subisoforms in neonatal myocardium. We measured the distance between the epitopes and the middle of the Z-disc, as a function of SL. The near A-band epitope derived from the N2B isoform (UC B ) were indistinguishable in the neonatal and adult tissues, suggesting that the N2B isoform is the same in both tissue types ( Figure 2C , right, UC B ). The near Z-disc epitopes behaved differently, and the epitope closest to the Z-disc (UC A(1) ) increased less steeply with sarcomere stretch than UC A(2) of the neonate and UC A of the adult ( Figure 2C , right). Slopes were significantly different (PϽ0.01). This suggests that the neonatal sarcomere incorporates a subisoform (giving rise to UC A(1) ) that is distinct from N2BA titin in the adult myocardium.
Transcript Studies
To test whether titin's exon composition is developmentally regulated, we developed a titin microarray on which all 363 exons found in humans are represented (see online data supplement). The array was validated by determining the exon composition of adult human cardiac and soleus cDNAs, two tissues where titin has been sequenced. 18 For soleus, the array detected all 313 exons present in the soleus cDNA 18 (data library accession X90569). Of the remaining 50 exons that have not been detected in the soleus, 35 exons were absent on the microarray and 15 were positive. These 15 exons are from the central PEVK region where sequence Figure 1 . A, SDS-PAGE of LV myocardium from rat, rabbit, and mouse of day 0 (d0) and adult animals. In all species, adult myocardium expresses N2B cardiac titin (T2 is a degradation product, containing mainly the A-band segment of titin). D0 myocardium expresses also a slower migrating titin isoform (titin:slow). B, Western blot analysis with anti-titin antibodies to constitutively (Z1-Z2, T12, and M7-M9) and differentially (N2B, I55-57, and N2A) expressed sequences. Bottom, Western blot results obtained with rabbit neonatal myocardium. Top band reacts with all antibodies, identifying it as a cardiac N2BA isoform. C, Expression of N2BA titin (bottom) and total titin (top) in LV myocardium as function of age. Open circles, mouse; closed circles, rabbit. D, SDS-agarose gels reveal high levels of N2BA expression in fetal and d0 myocardium and low levels in adult myocardium (arrowhead). Note that N2BA titin in fetal and neonatal myocardium consists of a doublet (arrows), the bottom band of which has a mobility slightly less than that of adult N2BA titin.
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identity is high due to genomic duplication (during evolution LINE repeat insertions occurred 9 ) and thus cross-reactivity may explain the unexpected positives. Alternatively, these exons may have been missed when sequencing soleus cDNA. 18 As a lower estimate, in soleus, the array appropriately characterized 96% of all 363 exons (concordant presence and absence, respectively, both by sequencing and array hybridization, 313ϩ35/363ϭ96%). For cardiac muscle, previous RT-PCR studies identified the cardiac-specific expression of the Z-disc sequence Zr6 (exon 11) and N2B (exon 49). 10, 18, 19 The array confirmed that exons 11 and 49 are cardiac-specific ( Figure 3A , middle and right), and furthermore demonstrated that these two exons are the only cardiacspecific exons in adult titin. Proximal Ig and PEVK exons were downregulated in adult cardiac muscle (relative to skeletal), as predicted by RT-PCR studies. 10, 18 Thus, tests indicate that the microarray is a powerful tool for rapidly determining the exon composition of titin isoforms. Using commercially available total RNA (see Materials and Methods), we compared the titin exon repertoire expressed in human adult and fetal (16 to 22 weeks) cardiac muscle ( Figure 3B ). We found that 23 exons were greater than 5-fold upregulated (PϽ0.01) in the fetal transcript ( Figure 3B , left shows examples). Of these 23 upregulated exons all except one (the A-band exon 325) code for immunoglobulin (Ig)-like domains and PEVK elements found in titin's elastic I band region (Figure 3B, right) . Thus, the array data identified a fetal-specific exon subset and confirmed that fetal myocardium expresses a novel titin isoform, predicted to be more compliant than adult cardiac titin (see Discussion).
We studied the exon composition of the animal models used in Figures 1 and 2 by cross-hybridizing nonhuman cDNAs to the microarray. Because the microarray was designed for human titin, we tested whether it could be used to evaluate exon expression in animals. cDNA was isolated from soleus muscle, under the assumption that the exon compositions are identical to that of human soleus. (The available sequence of rabbit soleus titin 10 supports this.) The human array probes successfully cross-hybridized and appropriately characterized (see earlier analysis) 77% of the titin exons in mouse and rat. For rabbit(pig), the human array appropriately characterized 93(92)% of the exons expressed in soleus (the array detected 286(298) out of 313 exons predicted to be present in human soleus and absent were 50(35) exons out of 50 predicted to be absent). Because the array appropriately identifies 77% to 93% of the exons in animal species, we conclude that the array has great utility for evaluating differential exon expression in nonhuman species.
RNA was isolated from neonatal LV (d0) and adult LV from mouse, rat, rabbit, and pig. Similar to what was seen for human transcripts, all species revealed upregulation of Ϸ20 exons in neonatal myocardium ( Figure 4A shows an example). The upregulated exons fall in (1) the previously described I27 to I79 splice region 10 and (2) the PEVK region (Figures 4B through 4E). (No species has more than two additional differentially expressed exons outside the Ig and PEVK segments; results not shown.) We also examined the exon expression profile of fetal rat myocardium and found it to be largely identical to that of neonatal rat myocardium (results not shown).
Passive Stiffness
The presence of additional spring elements in fetal cardiac titins is predicted to result in a low titin-based stiffness. To test this, mechanical experiments were performed on skinned Figure 1B) . B, Graph of N2BA:N2B ratios from birth to 6 months in the pig. Inset, SDS-agarose gel of titin isoforms at d1, d21, and d180. C, left, IEM of neonatal and adult tissue labeled with N2B-Uc. Both tissue types reveal a near Z-disc epitope (named Uc A ) and a near A-band epitope (Uc B ). In the neonate, Uc A is more prominent than Uc B , whereas in the adult, the epitopes are approximately equal in density. Also note that in the enlarged neonatal I-band shown in the middle Uc A is a doublet (Uc A (1) and Uc A (2) ). Right, Epitope to mid-Z-disc distance versus SL. muscles dissected from the LV wall of neonatal and adult pig. To measure passive tension, muscles were stretched from their slack length to a predetermined SL, with a velocity of 1 length/sec (the estimated in vivo stretch rate; see online data supplement). Total passive tension was significantly higher in adult than neonatal myocardium ( Figure 5A ). No significant differences in either slack sarcomere length (SL) or maximal active tension were found (Table) . Determining the collagenbased and titin-based passive tension (see Materials and Methods) revealed that the higher total tensions of adult tissue is due to titin at all SLs ( Figure 5B) , with an increase in collagen-based tension at SLs longer than Ϸ2.2 m ( Figure 5C ). We also converted passive tension to passive stiffness (slope of tensionϪSL relation) and determined average stiffness within the SL range of 1.95 to 2.25 m. Results (Table) reveal that total passive stiffness in the adult tissue is about double (209%) of that in the neonate, and furthermore, that the majority of this increase is due to titin (79%), with a smaller but significant role for collagen (accounting for 21% of the stiffness increase). We also determined passive stiffness after a 1-minute hold (see Materials and Methods), and again found that passive stiffness was significantly higher in adult myocardium, with the majority of the difference due to titin (results not shown). Thus, measurements made during physiological stretch and after a 1-minute hold both reveal that adult myocardium has significantly higher passive stiffness than neonatal myocardium, and that the majority of this difference is due to titin.
Discussion
To study the exon composition of fetal cardiac titin, we developed a titin exon microarray that allows all 363 exons of 
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the human titin gene to be rapidly evaluated. The array appropriately characterizes Ն96% of human soleus exons and therefore is a powerful tool for determining the exon composition of titin isoforms. Human transcript studies of fetal and adult myocardium revealed Ͼ5-fold upregulation of 23 titin exons in fetal myocardium. The combined molecular mass encoded by these exons is 118 kDa, explaining why the fetal isoforms can be detected as a separate slow migrating band on high-resolution gels. Of these upregulated exons, 22 code for spring elements found in the extensible I-band region of titin. Many of the exons that we identified in human fetal myocardium ( Figure 3B, left) have not previously been identified in cardiac transcripts and include proximal Ig exons (I32, I34, I36, I38, I40, and I 42), as well as PEVK exons (PEVK 67, PEVK 75, PEVK 83, and PEVK 85). The Ig exons have been described as skeletal-specific, 9 and the PEVK exons were not known to be expressed in adult cardiac or skeletal muscle. We also used the human exon array to analyze titin transcripts expressed in mouse, rat, rabbit, and pig. Consistent with the high degree of conservation of the titin sequence in vertebrates, 10, 18 tests revealed that the array appropriately characterized Ϸ80% to 90% of exons in soleus cDNA of species used in our work. Transcript studies revealed upregulation of titin exons in fetal and neonatal myocardium in all animal species. Consistent with findings from human cDNA, the overwhelming majority of upregulated exons fall in the I27 to I79 splice region as well as the PEVK region ( Figures 4B  through 4E ). In the neonatal transcript, all species have upregulation of exons in the 52 to 76 exon region, which are not included in the largest known adult N2BA transcript. 10 Together the microarray studies indicate that fetal and neonatal myocardium expresses novel titins specific for the developing myocardium. Because these isoforms are already present in the fetal myocardium and are downregulated in the adult, we named the isoforms fetal cardiac titin. IEM used an antibody to the C-terminal end of the N2B element, which in the sarcomere is found closer to the Z-disc in N2BA titins than in N2B titin 11 and, therefore, can be used to isoform type titin within the sarcomere. Neonatal porcine myocardium was characterized by strong near Z-disc epitopes and much weaker near A-band epitopes ( Figure 2C) , indicating that N2BA titin dominates. Because fetal cardiac titin has a longer extensible region than adult N2BA titin (see later), its binding site is expected to be closer to the Z-disk than that of adult N2BA titin. This is consistent with the presence in the neonatal sarcomere of a near Z-disc doublet, with the epitope closest to the Z-disc (UC A(1) ) having a distance to the Z-disc that increases less steep with sarcomere stretch than the adult N2BA epitope does ( Figure 2C ). Thus, IEM provides evidence that fetal cardiac titin is incorporated in neonatal sarcomeres.
Fetal cardiac titin is characterized by the presence of a large number of additional exons that code for Ig domains that comprise the so-called middle tandem Ig segment of N2BA titin and exons that encode PEVK repeats. Some of these fetal PEVK repeats are included in a skeletal muscle PEVK fragment (TP1) that on the basis of in vitro studies has been proposed to function as a protein interaction site. 20 Thus, expression of high levels of fetal titin could potentially enhance titin's role in mediating protein interactions. The fetal-specific exons are also expected to greatly impact titin's biomechanics. We calculated that as a result of the additional exons, the overall contour length of the extensible region of fetal cardiac titin is 150 nm longer than that of adult N2BA titin and 495 nm longer than N2B titin (see online data supplement). A given sarcomere stretch will therefore result in a comparatively low fractional extension in fetal titin, and hence in a low passive tension.
Using previously determined molecular characteristics, 21 we simulated the force-sarcomere length relation of single fetal cardiac titin and N2B titin molecules (see online data supplement). Results show that fetal titin is much more compliant than N2B titin ( Figure 6 ). Hence, titin-based stiffness is expected to be much less in neonatal than adult myocardium. We tested this in experiments on muscle strips isolated from porcine LV myocardium. Passive stiffness was more than double (209% increase) in adult than neonatal tissues, with most of the difference due to titin and a minor role for collagen ( Figure 5 and Table) . Titin develops restoring force below the slack SL (1.9 m) and passive force above slack SL. Curves marked "neonate" and "adult" are the average forces per titin molecule in a sarcomere with 3.5 fetal titins per N2B titin molecule (expression ratio of d1 neonatal porcine myocardium) and in a sarcomere that contains an equal number of N2BA and N2B molecules (as in adult porcine myocardium), respectively. Some of the titin-based stiffness increase could be due to a larger fractional area of myofibrils in adult tissue. Measurement of the fractional area of myofibrils in the porcine myocardium using electron microscopy revealed 37Ϯ5% for the neonate (day 1) and 49Ϯ6% in adult (6-months) tissue, or an increase of 32%. This relatively modest increase in fractional myofibrillar area is consistent with the maximal active tension that we measured with an increase in the mean tension of 35% when going from neonate to adult and is insufficient to account for the observed doubling of the titin-based passive stiffness. Thus, we consider it likely that replacement of (compliant) fetal titin with (stiff) N2B titin during neonatal development is a major factor that underlies the increase in titin-based stiffness during postnatal development.
Increases in passive tension during postnatal development have been reported recently in skeletal muscle fibers, although the underlying mechanism was not addressed. 22 Our findings are in contrast, however, to results of previous studies of passive myocardial stiffness that reported decreased passive stiffness during fetal and neonatal development. 3, 4 Two main differences between the previous work and the present study stand out. First, the previous work 3,4 used intact myocardium, and it is possible that under the experimental conditions that were used, actomyosin-based tension in fetal and neonatal myocardium did not fully decay to zero during the diastolic interval. Considering the high calcium-sensitivity of fetal and neonatal myocardium, 2 a basal level of active tension may in intact fetal/neonatal myocardium augment low intrinsic passive stiffness of the myocardium. Second, in the present work, sarcomere length (SL) was measured on-line, using laser-diffraction, and passive tensions were plotted against SL. In the previous work, 3, 4 muscle length was measured and length changes were expressed relative to the muscle length at which twitch force was maximal (L max ). Thus, if the SL at which L max occurs were to decrease during development an apparent reduction in passive stiffness would result (a small SL decrease could have a large effect on stiffness).
Based on our work, we propose that fetal myocardium has high intrinsic compliance due to the dominating expression of fetal cardiac titin and that during postnatal development, compliance decreases as a result of replacement of fetal titin by N2B titin. This proposal is overall consistent with known developmental changes in blood velocities during diastolic filling. Doppler echocardiography allows ventricular filling to be monitored noninvasively and reveals early (E-wave) and late (A-wave) diastolic filling. The amplitude of the A-wave depends on the strength of atrial contraction and ventricular compliance. 23 The A-wave is relatively constant throughout development, 23 suggesting that the increase in strength of atrial contraction that occurs during development is accompanied by a reduction in ventricular compliance. This inferred reduction in ventricle compliance during development is consistent with our mechanical studies (Figures 5 and 6) and warrants in future work direct measurement of chamber compliance during development. The amplitude of the E-wave (early filling) is dependent on active myocardial relaxation and ventricular recoil. The E-wave has been shown to greatly increase in amplitude during perinatal development, with most rapid changes occurring during the first postnatal week. 23 It is likely that the developmental increase in E amplitude is due to faster relaxation (faster calcium uptake by the SR and lower calcium sensitivity of myofilaments), and due to enhanced ventricular recoil. Because titin develops restoring force in short sarcomeres, 8 titin can contribute to ventricular recoil. Titin's restoring force is predicted to be lowest for fetal cardiac titin (because its extensible region is longest) and highest for N2B titin (Figure 6 ). Thus titin-based ventricular recoil is predicted to increase throughout postnatal development (because expression shifts toward N2B titin), consistent with the developmental increase in early diastolic filling velocity. In summary, our work revealed significant changes in titin isoform expression and titinbased stiffness during postnatal development, and it is likely that these changes play important roles in adaptations in ventricular diastolic function of the developing heart.
